Background: Extremes of temperature are well known to be associated with excess mortality. Less is known about the characteristics of persons that put them at higher risk, particularly the role of medical conditions. Methods: To investigate these effects, I used a case-only approach to analyze 160,062 deaths in Wayne County, Michigan, among persons who were 65 years of age or older, who were covered by Medicare, and who had a previous hospital admission for heart and lung disease. Using their unique Medicare identification number, I traced deaths through Medicare hospital admission records to identify primary and secondary diagnoses for all admissions before death. I investigated the role of diabetes, myocardial infarction, congestive heart failure, chronic obstructive pulmonary disease, and pneumonia as modifiers of the risk of dying on an extreme temperature day. Hot days were defined as those greater than the 99th percentile of all days and cold days as those less than the 1st percentile. I also examined the role of sex, age (85 years of age and older), and nonwhite race as modifiers. Results: I found that patients with diabetes had a higher risk of dying on hot days than other subjects (odds ratio ϭ 1.17; 95% confidence interval ϭ 1.04 -1.32). Persons with chronic obstructive pulmonary disease had elevated risks of dying on cold days (1.19; 1.07-1.33). Nonwhites had greater risks on both hot (1.22; 1.09 -1.37) and cold (1.25; 1.12-1.40) days, and women had elevated risks on cold days (1.14; 1.02-1.26). The other conditions conveyed no higher risks than average. Conclusions: Sociodemographic characteristics and medical conditions can increase the likelihood of death associated with temperature extremes.
Less is known about the effects of chronic disease or other medical conditions on the risk of death associated with temperature extremes.
To study which factors modify a person's risk due to a time-varying exposure, it is possible to restrict analysis to persons who died. The case-only approach has been widely used in genetic epidemiology, and Armstrong 13 has recently pointed out that it can be extended to study the acute effects of weather.
The underlying idea behind this approach is that if a condition increases the risk of dying on an unusually hot (or cold) day, a greater proportion of the people who died during those periods would be expected to have the condition, compared with people who died during milder weather conditions. Hence, for example, if a condition is a risk modifier for deaths during unusually hot days, then unusually hot days should be a predictor of the occurrence of that condition on death certificates using logistic regression. A more formal proof of the approach is provided by Armstrong. 13 This approach has some important advantages. Because only cases are examined, variables that are typically associated with the likelihood of death are generally not potential confounders. To be a confounder, variables must also be associated with extreme temperature, which does not apply to such traditional risk factors as smoking history, blood pressure, and body mass index. Age, sex, social status, and prevalence of chronic conditions also would not be expected to fluctuate over time in association with weather. Although they are not potential confounders, these variables may be examined as potential effect modifiers.
Time-varying predictors of mortality risk, such as season, likewise should not confound the association with chronic conditions, because those conditions will not fluctuate over time. This is an advantage of the case-only approach, because it can reduce or eliminate the need for complex modeling of the change in risk of death over time as the result of factors other than temperature.
A limitation of the approach is that validity depends on the assumption that the modifier and the exposure are not associated in the base population that gave rise to the deaths. Because the presence of chronic conditions varies among individuals but does not fluctuate from day to day with temperature, this assumption (which is a major issue in studies of gene-environment interactions) is clearly met in studies of weather.
However, as Armstrong 13 points out, if there are other time-varying predictors of death that also interact with the chronic conditions being examined, the simplification of the covariate model is not complete. This situation is most likely to occur for season, where persons with certain conditions may show enhanced seasonal increases in risk of death. In addition, contrasting extreme temperatures to all other temperatures may miss a more continuous dependence on the other temperatures. I examined whether age, sex, race, and medical conditions modified the response to extreme temperatures in a population-based study of persons 65 years of age and older. I also checked for evidence to support differential seasonal patterns and response to more common temperatures among these subgroups of the elderly and assessed the sensitivity of the initial results to control for these 2 interactions.
METHODS
In the United States, hospital admissions of all elderly residents are covered by Medicare, a national health insurance plan. Because the elderly are more sensitive to extreme weather conditions, 10 and Medicare allows record linkage to help identify preexisting conditions, I started by obtaining Medicare records of all hospitalizations for heart or lung disease in Wayne County, Michigan (which contains Detroit and its surrounding communities), in persons 65 years of age and older between 1984 and 1998. These records capture all hospital admissions for persons in this age group. In the 1990 census, Wayne County had a population of 2,111,687, of whom 263,900 were 65 years of age or older. Unique identifiers for each beneficiary were used to identify multiple admissions per subject.
For each admission, the primary discharge diagnosis, as well as the secondary contributing diagnoses, were examined for the presence of the following conditions: myocardial infarction (MI; International Classification of Diseases ͓ICD͔-9 code: 410); diabetes (ICD-9: 250); chronic obstructive pulmonary disease (COPD; ICD-9:490 -496); congestive heart failure (CHF; ICD-9: 428); and pneumonia (ICD-9: 480 -486). Asthma (ICD-9: 493) was included in COPD for this analysis because the distinction is difficult in this age group. Individuals for whom the condition was noted on any admissions were classified for the mortality follow-up analysis as having the condition. The analysis was limited to subjects who were discharged after at least 1 hospital admission and died subsequently with a validated date of death. This information also is contained in the Medicare files obtained from the Center for Medicare and Medicaid Services. The last known address was used to identify subjects resident in Wayne County. A total of 160,062 eligible deaths occurred in the follow-up period (up to December 31, 1999).
Finally, based on information provided in the Medicare files, I examined whether sex, nonwhite status, or age greater than 85 years were modifiers of the effect of temperature extremes. In this analysis, the outcome variables were the presence or absence of the medical conditions noted previously or whether the decedents were nonwhite, female, or age 85 years and older.
Weather Data
Daily weather data were obtained from the Detroit airport station (EarthInfo CD NCDC Surface Airways, EarthInfo Inc., Boulder, CO). To examine the effect of extreme temperatures, I created several exposure variables. Hot days were defined as those at or greater than the 99th percentile of the minimum daily temperature. Minimum temperature was chosen because it indicates scenarios in which there is little relief at night. Recent studies suggest this better represents the types of events producing heat-related deaths.
14 A second heat indicator was taken to be days greater than the 99th percentile of the 3-day moving average of minimum temperature because some recent studies have suggested that multiple days with extreme temperature may be more important than a single day. 15, 16 Cold days were defined as days at or less than the first percentile of daily maximum temperature, 17 and a second indicator for the 3-day moving average was also constructed. Analyses were based on the temperature on the day of death, or for the 3-day moving average, on the day of death and the 2 preceding days.
Analytic Methods
Because this approach is relatively recent, for convenience I here replicate part of the argument of Armstrong.
13
Readers are referred to that article for further details. Assume that the daily counts of deaths (Y t ) among subjects can be modeled as a Poisson regression:
where Hot is an indicator variable for whether that day is at or greater than the 99th percentile of temperature and other predictors denote seasonal terms and any other predictors of changes in risk over time. In recent years, these parts of the model have become quite complex.
Then, if Hot ϭ 0 and Diabetes ϭ 0, the overall number of cases expected over the course of the study is Hence, a logistic regression model predicting the presence of diabetes as a function of high temperatures would yield the same results as the Poisson model, without the need for the other time-varying covariates, which can be complex. Therefore, although the case-only analysis is conducted using only the subjects who died, the inference is to interactions in the Poisson model, which applies to the entire population that gave rise to the deaths. Hence, if the case-only analysis shows that a diagnosis of diabetes is a modifier of dying on extreme weather days, this indicates that persons with diabetes have a different risk than members of the baseline population who did not have diabetes.
Using data on deaths, I fit a logistic regression model with the indicators for both extreme weather conditions (hot and cold) as predictors and the presence or absence of the hypothesized modifying condition as the dependent variable. The analysis was performed separately using the indicators for extreme temperature on the day of death and the indicators for the extreme temperatures for the 3-day average ending on the day of death.
As noted by Armstrong, 13 this approach can give inappropriate results if the modifier of interest also is a modifier of one of the other time-varying covariates. In that case, the main effect of the time-varying covariate would cancel out, but the interaction would remain. In particular, it seems likely that some chronic conditions may modify not merely the sensitivity of persons to extreme temperatures but also sensitivity to seasonal patterns, which reflect, for example, time spent indoors and proximity to other persons. If this is the situation, then a seasonal component should be included in the logistic model to capture, for example, the greater amplitude of the seasonal increase that may be seen in persons with the presence of a particular condition. That is, seasonal effect modification should be included.
It seems reasonable to assume that, however complicated the baseline seasonal pattern of mortality is, the additional nontemperature-related modifiers of risk by predisposing condition might be captured by a sine and cosine term with a 365.24-day period. I therefore used this approach.
In addition, the effect of temperature may be modified by the predisposing condition on a more continuous basis. To account for this effect modification, I included linear and quadratic terms for apparent temperature. Apparent temperature is a physiologically derived index of thermal stress that incorporates temperature and humidity, analogous to the wind-chill factor. It is based on research indicating that the physiologic impact of humidity occurs by modifying the body's ability to shed heat in hot weather through a reduction in evaporative loss. This can be translated into an equivalent temperature at moderate humidity that has the same thermal stress. Apparent temperature is an empirically derived construct capturing that phenomena 16 and was constructed using the 24-hour average temperature and dew point temperature. Although apparent temperature can be corrected for high wind speeds, such high winds did not occur during any of the periods in this analysis, and so the correction was not necessary. All analyses were conducted 3 times (1) using the basic case only analysis, (2) adding seasonal sine and cosine terms, and (3) adding both seasonal terms and a nonlinear continuous dependence on apparent temperature. Table 1 shows baseline descriptive statistics for the subjects followed in this study. More than half of the deaths were among women. As expected, the prevalence of the preexisting medical conditions among these subjects who died is considerably higher than their prevalence in the general population of this age.
RESULTS
Detroit has a continental climate with a broad range of temperature. Hence, as displayed in Table 2 the coldest days were quite cold (maximum temperature less than Ϫ8.9°C), and the hottest days quite hot (minimum temperature Ͼ22.8°C). Table 3 shows the results of the basic analysis looking at very hot and very cold days, defined either for 1 day or for a 3-day moving average. Persons older than 84 years of age showed greater effects of extreme cold, but not of extreme heat, compared with the effects on younger Medicare participants. Women were similarly at greater risk of death during periods of extreme cold. Nonwhites showed the greatest evidence of effect modification, with ORs of 1.22 (95% confidence interval ͓CI͔ ϭ 1.09 -1.37) for hot days and 1.25 (1.12-1.40) for cold days. Among medical conditions, persons with diabetes showed increased susceptibility to very hot days (1.17; 1.04 -1.32), whereas persons with COPD had greater susceptibility on very cold days (1.19; 1.07-1.33), and marginally greater susceptibility on very hot days. Persons who survived MIs, in contrast, were less susceptible than Medicare patients who were hospitalized for other conditions on cold days (0.83; 0.69 -0.99). Note that these are relative odds and do not mean that the absolute risk for these subjects is not elevated, just that it is elevated less. Subjects who previously had been admitted for CHF or pneumonia showed little evidence of having risks different from the average. Although control for these other interactions did not affect the estimated differential susceptibilities to extreme temperatures, there was some evidence for an independent effect of the additional variables. In particular, seasonal interactions were seen for persons older than 84 years of age, persons with COPD, nonwhite subjects, and persons with CHF. The relative risks for these terms were modest, typically between 1.01 and 1.03 for the difference between winter peaks and the annual average (data not shown).
Armstrong 13 speculated in his article introducing the case-only approach, that the need to control for additional factors, such as seasonal interactions, might have an important impact on the power of the study to detect susceptibility to weather. This does not appear to be the case in these data. Table 5 (available with the electronic version of this article) shows, for several selected models, the standard errors for the extreme temperature terms in the base model, after including interactions for season alone, and for both season and tem- *At or greater than the 99th percentile of minimum daily temperature. † At or less than the first percentile of maximum daily temperature. ‡ Relative odds of death for persons who had the condition compared with persons who did not have the condition. Age refers to the age at death. Medical conditions refer to conditions noted at hospitalization before death.
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perature. Although the standard errors increased in the more complex models, the effect on precision was quite modest.
DISCUSSION

Chronic Conditions
The primary goal of this analysis was to examine the susceptibility to extreme temperatures of persons with chronic illnesses, assessed by using record linkage in the Medicare system. Perhaps the most interesting finding is that persons with diabetes appear to be more susceptible to very hot days (OR ϭ 1.17; 95% CI ϭ 0.04 -1.32) but not very cold days. This finding was robust with control for possible interactions with season and with continuous temperature. An estimated 15.6 million Americans have diabetes, and the prevalence among the elderly is approximately 18%. 18 The prevalence of diabetes is rising in many countries. Hence, this susceptibility represents a potentially growing public health problem.
The reasons for the increased response to very hot days among individuals with diabetes are unclear. People attempt to adapt to heat by increasing cardiac output, which increases skin surface blood circulation, and heat loss. Blood viscosity and cholesterol increase with high temperatures. 19 Persons with diabetes have impaired autonomic control and endothelial function and, thus, it is possible that extreme thermal stress in these subjects in addition to the consequent increased demands on the circulatory system, interact with those functional impairments to increase risk of fatal events.
The increased susceptibility of persons with COPD to dying on extremely cold days is also noteworthy, although perhaps more explicable. The lungs of persons with COPD are typically colonized by bacteria, and cold weather can easily exacerbate respiratory infections. 20 In addition, cold can induce bronchospasm, 21 as well as increase platelet and red cell counts, and blood viscosity. 19 Because persons with COPD often have cardiovascular complications, these effects on blood components may play a role.
Sociodemographic Factors
This study found greater risks of dying on both hot and cold days in nonwhites. This result is consistent with many previous studies 4, 7, 10 and probably represents associations with physical deprivation and other social factors that limit adaptability. 11, 12 Another interesting finding is that women have increased risk of mortality on very cold days. This sex differential was not seen in the Eurowinter study. 22 However, that study examined the slope of increased mortality as temperature fell continuously to levels less than 18°C; the excess risk may only be apparent at extreme temperatures such as examined here. In a study of clothing use in winter across Europe, it was reported that women wore 0.14 clo less thermally protective clothing than men, 23 which might explain such an effect.
Interaction with Season
Seasonal terms were predictors of whether a death occurred in individuals 84 years of age or older, who were not white, who had COPD, or who had heart failure. These results indicate that persons in those categories, at least in Detroit, show seasonal patterns of deaths that are different from the general population. In particular, they show greater amplitude in the summer-to-winter increase in the risk of death, which may reflect greater susceptibility to infection or risk factors (other than extreme cold) that vary from season to season. In light of these findings, it seems prudent to recommend that future studies of short-term environmental factors, such as weather or air pollution, examine whether seasonal interactions confound any interactions.
It was encouraging that in this study seasonal interactions did not appear to be a confounder. The effect estimates for very hot or very cold days changed little when a seasonal interaction term was included. Further, any modest pattern was more suggestive of a slight increase in the estimated effect sizes after control for these additional interactions. Although such findings need to be confirmed in more locations, including areas with different climates, they support the use of the case-only approach to examine susceptibility. The modest size of the changes in the effect estimates for the extreme temperature terms is likely related to the modest size of the seasonal interactions. The effect size estimates for season suggested 1-3% higher risks than for the overall Medicare population. Of course, this may differ in other cities.
Control for continuous temperature, even using a nonlinear relation, did not reduce the estimated impact of extremely hot or cold days, suggesting that such continuous terms do not adequately model the effects of extremes on susceptible subgroups. Hence, the examination of indicator variables or other approaches to capture the effects of extreme temperatures on mortality risk seems to be needed.
Qualifications
It should also be emphasized that these results are expressed as relative odds. For example, the finding of a protective association of cold days for persons who survived MIs does not mean that those persons do not have an increased risk of dying associated with extreme cold. Rather, it indicates that their risk on those days is lower than that of other persons aged 65 years and older, who have been admitted to hospital for a heart and lung condition, but who have not had an MI. The question of risk, among survivors of MI, as a result of extreme cold compared with more moderate temperatures cannot be addressed by the case-only approach, which constitutes an important limitation. A previous article Another limitation is that this study focused, by design, on extreme temperature days, and these results cannot be extrapolated moderately hot or cold days. Finally, and these results may not be generalizable to other geographic areas. They do, however, illustrate the utility of the approach.
These analyses were partially motivated by the need to better understand the potential health impacts of global climate change. Global warming is likely to bring not only warmer temperatures on average (ranging from 1.7 to 4.9°C by the year 2100), 24, 25 but greater frequency of extreme weather events, including hot days. Understanding who is susceptible to those extreme events will be important in minimizing their public health impact.
